We have theoretically investigated the spin and charge fluctuations in the quasi-one dimensional organic superconductor (TMTSF) 2 ClO 4 . Using the extended multi-site Hubbard model, which contains four sites in a unit cell and the transfer energies obtained by the extended Hückel method, we calculate the linearized gap equation with the random phase approximation, to find novel order parameters of superconductivity due to several kinds of charge fluctuations induced by the anisotropic intersite repulsive interactions. For the singlet state, the order parameter with line nodes appears in the case of the strong charge fluctuation, while the order parameter with anisotropic gap suggested by Shimahara is reproduced in the spin fluctuation. The triplet state is also obtained for the wide parameter range of repulsive interactions due to a cooperation between charge and spin fluctuations.
Introduction
In quasi-one dimensional organic conductors TMTSF (tetrametyltetraselenafulvalence) salts, there are several experimental evidences of superconductivity, [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] which exhibit the large critical field being much larger than the Pauli limit. [5, 8, 9 , 10] For (TMTSF) 2 PF 6 , the triplet superconducting(SC) state has been maintained from the measurement of the Knight shift and the NMR relaxation rate. [6, 7] For (TMTSF) 2 ClO 4 , [1] in the weak magnetic field, the singlet state with line nodes has been suggested by the the Knight shift and relaxation rate of the NMR experiment in the SC phase. [2, 4] Further, it has been suggested that the triplet or FFLO state emerges under strong magnetic field. [4, 8, 9, 10] The specific property of (TMTSF) 2 ClO 4 emerges due to the anion ordering below 24K. The folded Fermi surfaces with a unit cell containing four TMTSF molecules is obtained from the transfer integrals, which are estimated from the extended Hückel method based on the X-ray diffraction measurement. [11, 12, 13] Several theoretical works have been performed to understand the superconductivity in the quasi-one dimensional organic conductors. The single band models for (TMTSF) 2 PF 6 has been investigated by perturbation theories. [14, 15, 16, 17, 18, 19] The magnetic field favors the triplet or FFLO superconductivity, [16, 17, 18] while the on-site repulsion induces the singlet superconductivity in the absence of magnetic field. [19] The interplay between the spin and charge fluctuations in the triplet superconductivity has been investigated by the renormalization group theories. [20, 21, 22] The inter-site repulsions play important roles for the triplet superconductivity. [14, 15, 21, 22] In the multi band models for (TMTSF) 2 ClO 4 [23, 24] , on the other hand, the singlet superconductivity with anisotropic gap (but without line nodes) has been suggested in the absence of magnetic field. [23] In the present study, the possible singlet state with line nodes in the absence of magnetic field is investigated, since the experiment indicates the existence of line nodes. [8] We use the extended multi-site Hubbard model representing the system of (TMTSF) 2 ClO 4 , when the transfer energies are given by the extended Hückel method with the X-ray diffraction measurement. [13] The unit cell consists of four TMTSF sites owing to the presence of the anion ordering. Fruther, the roles of the charge fluctuation for the triplet state are also investigated on such a multi-site system. The spin and charge fluctuations are treated by the random phase approximation (RPA) on the site-representation, [25] and the order parameters of the superconductivity are evaluated using the linearized gap equation as described in §2. The singlet and triplet superconductivities are investigated by varying the magnitude of the anisotropic nearest-neighbor repulsive interactions with the fixed on-site interaction in §3. The origins and properties of those SC states are discussed in §4. In §5, summary and discussion are given. Figure 1 (a) shows the transfer integrals describing the two-dimensional (2D) electronic system for (TMTSF) 2 ClO 4 , where we choose the x-axis along the stacking direction of TMTSF molecules. The thickness of the lines connecting between the molecules represents the relative magnitude of t d;αβ . 
Formulation

Model
with
and
where We investigate the superconductivity by varying the nearest neighbor Coulomb interactions between the TMTSF chains, i.e., V a along the y axis and V b along the x + y axis (see Fig. 1 (b) ). In the RPA, the critical value of the nearest neighbor Coulomb interaction along the intrachain, V ′ , at which the charge fluctuation diverges, is more than twice of those of V a and V b . This comes from the fact that the role of the nesting vector is incompatible with that of V ′ . The same fact has been shown in the renormalization group theory. [22] Thus V ′ is discarded in the present study. Using Fourier transformation, the Hamiltonian is rewritten as
where
with ǫ βα = ǫ * αβ , V βα = V * αβ , and the other elements are zero. The transfer energies are given by [12, 13, 11] ′ and t ′′ correspond to transfer energies between molecules in a unit cell, those between the nearest neighbor cells, and those between the next-nearest neighbor cells, respectively. Note t αβ = t βα . We choose Fig. 1(b) .) The tight-binding Hamiltonian Eq. (2) is diagonalized by
where A(= 1, 2, 3, 4) is an index of the band representation and ξ A (k) denotes the eigen energy measured from the Fermi energy (= µ). note that the eigenvector d A β (k) gives the transformation from the site representation to the band representation.
In Fig. 2 (a), the energy band spectrum is shown. There are four bands due to four molecules in the unit cell where the first and second bands from the top crosses the Fermi surface. The shape of quasi one-dimensional Fermi surface is shown in Fig. 2(b) representing the folded Fermi surface. In Fig.  3 , the density of states ,D(ǫ), is shown where
and sum rule is given by D(ǫ)dǫ = 8. These double one-dimensional Fermi surfaces have been observed by AMRO [11] .
Pairing Interactions and Gap Equation
The spin and charge fluctuations in the weak coupling regime are treated by RPA. [14, 15, 16, 17, 19, 26, 25] where the site representation [26] for singlet and triplet pairing interactions are given respectively aŝ
The hat denotes a matrix representation with an element (f ) αβ = f αβ . The pairing interactions are obtained fromχ S andχ C which denote spin susceptibility and charge susceptibility;
The quantityχ 0 is an irreducible susceptibility which is given by
where f (x) = (e x/T + 1) −1 is the Fermi distribution and T denotes temperature.
In order to examine a symmetry of order parameter of the superconductivity, we solve numerically a linearized gap equation given by,
where ε n = (2n + 1)πT is Matsubara-frequency (k B = 1) and n is an integer. The quantityP A (A = Singlet, Triplet) denotes the paring interactions for singlet state and triplet state which are rewritten aŝ
The r.h.s. of Eqs. (16) and (17) is given bŷ
Note thatP S S andP S T represent spin fluctuation, andP C denotes the charge fluctuation.
The transition temperature for the SC state, T c , is determined by the condition, λ = 1. The gap function at T = 0, ∆ αβ (k), is estimated from ∆ αβ (k) = gΣ a αβ (k), where g is chosen to reproduce the gap which is expected from T c . [26] Using ∆ αβ (k), we get the quasi-particle bands E
3. Singlet SC state vs. triplet SC state
Band Calculation and Model Setting
In the present study temperature is fixed at T = 0.01 [eV] . We take 24 × 24 meshes for calculating the bands, the susceptibilities, and the superconductivity. The energy bands are shown in Fig. 2(a) . Since the electrons are Fig. 3 . There is a large Van Hove singularity above the Fermi energy. Now we consider the electron correlation effects. It is expected that U plays important roles for superconductivity in (TMTSF) 2 ClO 4 , because (TMTSF) 2 ClO 4 is located next to the spin density wave (SDW) state in the phase diagram suggested by Jerome. [3] Then we calculate the possible SC states in (TMTSF) 2 ClO 4 by choosing U = 0.60 which is close to the critical value for the divergence of the spin fluctuation in the RPA. We investigate the roles of the charge fluctuation by varying the interchain repulsive interactions, V a and V b , with the fixed U, where we define V as
3/4-filled, the Fermi surfaces exist in upper two bands. The density of states (DOS) is shown in
V ≡ V 2 a + V 2 b .(24)
Superconductivity for V =0
For V a = V b = 0, spin and charge pairing interactions (P S andP C ) are shown in Fig. 4 whereP S is much larger thanP C . The susceptibilityχ S which determinesP S is strongly enhanced by U compared withχ C , since the q vector for the peak ofχ S is the same as the nesting vector. Now we examine numerically Eq. (14) to find that λ for spin singlet is larger than that for spin triplet, e.g., λ = 0.9 for the singlet state and 0.3 for the triplet state at U = 0.6 and V a = V b = 0. In the present paper, a phase factor in anomalous self energy is determined in order to maximize the value αβk |ReΣ a αβ (k)|. The anomalous self energy consists of 16 elements of (α, β) on the basis of site representation. Diagonal elements (α, α) are larger than others. The momentum dependence of these elements is given by "cos k x " which indicates a sign change on a line separating two Fermi surfaces in Fig. 2(b) . The absence of the node on the Fermi surface, which gives a full gap state ( written as "singlet (full)"), is consistent with that of Shimahara's result. [23] As for the off-diagonal element of Σ a αβ (k), there is a clear contribution from the same chain , e.g., (1, 2) and (3, 4) , while that from the interchain is negligibly small. These behavior of intrachain dependence suggests a role of dimerization, which reduces to the half-filled band as shown in Fig. 2. 
Superconductivity for V = 0
We examine the effect of inter chain interactions V to find a possibility of new SC state which is induced by charge fluctuation. With increasing V , χ C increases, and diverges at V = V C . In order to calculate the region where the charge fluctuation becomes a dominant one, V is chosen to satisfy the condition thatχ C > 3χ S and V < V C . We examine the SC state on the line from (V a , V b )=(0,0) (O) to several points given by (V a , V b )=(0.00,0.64) (a), moves from (a) to (g). By solving Eq. (14), λ for singlet and triplet states are calculated and the larger one is chosen as the expected state.
In the region of small V , the singlet SC state similar to one at V = 0 is realized where the state with a full gap is found. In Fig. 5 , the V dependence of λ of both singlet and triplet states is shown as a function of V for three cases of (O) → (a), (O) → (d), and (O) → (g). For the variation from (O) to (a), (the first case) , the singlet state is suppressed and the triplet state is expected. For the variation of V from (O) to (d) (the second case), the singlet state moves to the triplet state close to V = V C . For the variation of V from (O) to (g) (the third case), the singlet state remains as the dominant state but moves to another singlet state (as explained later) after λ takes a minimum close to (g).
Here we note the V dependence of λ for triplet state, which is enhanced byχ C . From Eq. (10), the term for the spin fluctuation and that for the charge fluctuation has the same sign in triplet pairing interaction. Although the triplet SC state is enhanced but the singlet state is suppressed by charge fluctuations, such an effect becomes large only close to V = V C . This is why the singlet state is favored and the region for the triplet state is small even in the presence of V .
Pairing interaction and Anomalous self-energy
Now we examine the respective SC state precisely based on the pairing interaction shown in Figs. 6 and anomalous self-energy.
(i) First, we discuss the case indicating a possible triplet SC state, which is given by (a) and (d). Whenχ C is increased by V , the singlet state is suppressed but the triplet state is enhanced (Fig. 6 (a) and (d) ). Actually, the competition between these two kinds of fluctuations occurs for the singlet state as seen from Eq. (9) and by noting a fact that the peak position of P C is nearly the same as that ofP S S from Fig. 4 . The triplet state may be expected when V → V C , and is rather favored by the introduction of V a . When the point moves from (a) to (d) (i.e., increasing V a ), the peak position ofP C begins to deviate slightly from (π, π) and the attractive interaction increases due to the increase of the amount ofP C integrated with respect to the momentum.
(ii) Secondly, we study the region where the singlet state is favored by the effects ofχ C (points (e) -(g). The pairing interactions (P C ) induced by charge fluctuation are shown in Figs. 6 (e) and (g) where the position of the peak is different from that of inχ S . As a result, the effect ofχ C on the singlet pairing state becomes compatible with that ofχ S for V → V c . Further sincê P C is larger thanP S , the spin singlet state is determined mainly byχ C and is assisted byχ S . The change of the self-energy along q x axis is very small. This comes from the difference in the peak position of charge fluctuations i.e., (π, π) for (a) and that on the q x axis for (e) and (g).
Finally, we examine the node of the gap, which is calculated from Eqs. (21) and (22) . Figure 7 denotes the position of nodes and Fermi surfaces for points (O), (f), (g) and (d). For the singlet state (O), which is mediated bŷ χ S the node exists between two different Fermi surfaces implying a full gap due to the existence of the two bands. [23] For (f) and (g), the singlet state mediated byχ C has two nodes at k y = ±π/2, which cross the Fermi surfaces. Gap function for triplet has a node on the line k x = 0 suggesting a full-gap state.
Summary and Discussion
We have found the possible singlet SC state with the line nodes in the extended multi-site Hubbard model representing (TMTSF) 2 ClO 4 with the multi-band and under the anion ordering. Such a state is induced by the charge fluctuation owing to the interchain Coulomb interaction V a (along the y-axis), while the singlet SC state with anisotropic (but finite) gap suggested by Shimahara [23] is reproduced in the presence of the strong spin fluctuation. Moreover, we have investigated the roles of the charge fluctuation for the triplet SC state. It is found that the triplet state appears in a certain range of the interchain Coulomb interactions, V a and V b , It is noted that the charge fluctuation cooperates with the spin fluctuation for the triplet pairing, but competes for the singlet pairing. For such a triplet state, the p-wave like state is obtained in the present multi-site model, while the f-wave gap function have been suggested in the single site models. [14, 15, 16, 17, 18, 20, 21, 22] Finally we discuss how to distinguish the SC state with the lines and that with full gap of anisotropy on the Fermi surface. Using a maximum, ∆ max , and a minimum, ∆ min , for the latter case, 1/T 1 reveals the exponential behavior at low temperature, i.e., T < ∆ min . In the preset case, it is expected that 1/T 1 exhibits exponential decrease at lower temperatures than T c ∆ min /∆ max ∼ 0.2K using the ratio given by both our and Shimahara's results. On the other hand, Yonezawa et al. have reported that the 1/T 1 exhibits T 3 behavior at temperatures lower than 0.2K [8] . This fact suggests that the SC state with the line nodes supports the result of the NMR experiment in the absence of magnetic field.
